Background: Ventricular fibrillation (VF) during prolonged (>5 min) global ischemia (GI) could be due to repetitive endocardial focal discharges (REFDs). This hypothesis was tested in isolated rabbit hearts. Methods and Results: With optical mapping, simultaneous endocardial (left ventricle, LV) and epicardial (both ventricles) activations during VF with prolonged GI were studied (protocol I, 8 hearts). Lugol solution was applied to the LV endocardium in additional 5 hearts after 5-min GI (protocol II). During prolonged GI, sustained VF (>30 s) was successfully induced in 7 protocol I hearts. The dominant frequency of summed optical signals at the LV endocardium was higher than at the epicardium (P<0.05). Mapping data showed that after 5-min GI, REFDs were present in >90% for recording time. There were 18 windows of optical recording showing spontaneous VF termination. In 10, once REFDs ceased, the VF episode terminated immediately. Electrical defibrillation was also performed on 3 hearts. Eight shocks showed early VF recurrence after successful defibrillation. REFDs were consistently involved in the initiation period of recurrence. In protocol II, Lugol subendocardial ablation diminished REFD genesis during re-induced VF. These VF episodes were all non-sustained. Conclusions: REFDs at the LV endocardium were important for both VF maintenance and post-shock recurrence during prolonged GI in this model. (Circ J 2009; 73: 1803 -1811 
n previous studies we demonstrated that two different types of ventricular fibrillation (VF) can occur in the same rabbit heart under different conditions. 1-3 Type 1 VF is associated with multiple wandering wavelets. In contrast, type 2 VF is associated with either a stationary or a slowly drifting mother rotor. 1, 2 When tissue excitability is depressed due to global ischemia (GI), the VF phenotype is consistent with type 2 VF with a subepicardial source of rapid activation. 4 Furthermore, during prolonged (>5 min) GI, the incidence of early VF recurrence after successful defibrillation increases. 5 Similar to many VF studies, we concentrated our investigation on mapping the epicardial activations. 1, 2, [4] [5] [6] [7] There are currently few high-density endocardial mapping data during prolonged VF. Ideker's group has reported in an isolated canine heart model with a relatively small mapped area that "repetitive endocardial focal discharges" (REFDs) were present in during VF with prolonged GI. 8 In addition, Purkinje fibers were highly active throughout the first 10 min of VF and were associated with the genesis of REFDs. 8 Whether or not REFDs also exist during VF with prolonged GI in rabbits remains unclear.
Editorial p 1793
It has been reported in canine models that the endocardial electrical activities of ventricles play an important role in VF maintenance during prolonged GI. [8] [9] [10] Furthermore, there was an endocardial-epicardial activation rate gradient during prolonged VF in dogs. 9, 10 We also reported a similar finding that an endocardial-epicardial gradient of dominant frequency (DF) was present in isolated rabbit hearts during VF with prolonged GI. 4 However, the effects of Lugol subendocardial ablation on VF dynamics during prolonged GI in rabbits are still unknown and deserve further investigation. [10] [11] [12] In the present study, we established an isolated rabbit heart model to simultaneously map the endocardial and epicardial activation patterns of VF. DF of the summed optical signals at different mapped areas were determined. 4 Lugol subendocardial ablation was also performed to assess the involvement of the Purkinje network for VF genesis. 10 The purpose of the present study was to test the hypotheses that REFDs exist in this model and are important for VF maintenance during prolonged GI. We also evaluated: (1) the possible role of REFDs in early VF recurrence after successful defibrillation; and (2) the effects of Lugol subendocardial ablation on the genesis of REFDs and VF inducibility during prolonged GI.
Methods
The research protocol was approved by the Institutional Animal Care and Use Committee of Taichung Veterans General Hospital and followed the guidelines of the American Heart Association.
Langendorff Preparation and Pseudo-ECG Recordings
New Zealand white rabbits (3.3-3.8 kg) were used. The hearts were excised under general anesthesia. The ascending aorta was immediately cannulated and perfused with 36.5°C Tyrode's solution of the following composition (in mmol/L): 125 NaCl, 4.5 KCl, 0.5 MgCl2, 24 NaHCO3, 1.8 NaH2PO4, 1.8 CaCl2, 5.5 glucose and albumin (40 mg/L), equilibrated with 95% O2 and 5% CO2 to maintain a pH of 7.4. 4, 5 The LV endocardium was then exposed by cutting the LV posterior wall along the interventricular septum. After cutting, the sites with Tyrode's solution leakage were sealed using either a suture or tissue coagulation. Afterwards the hearts were both perfused and superfused in a thermostatized tissue bath made with transparent glass. Coronary perfusion pressure was then regulated between 60 and 65 mmHg, with a flow rate of 35-45 ml/min. 4, 5 A pseudo-ECG was obtained with widely spaced bipoles, one at the apex of the left ventricle (LV) and the other at the high lateral wall of the right ventricle (RV). The signals were digitized with the use of an AxoScope with a sampling rate of 1 kHz. The pseudo-ECG was used to determine the rhythm of the ventricles. 1, 2, 4, 5, 13 Simultaneous Endocardial and Epicardial Mappings With a Two-Camera Optical Mapping System Using a two-camera optical mapping system, as in previous studies, endocardial and epicardial activation patterns during VF were studied at baseline, during no-flow GI (with or without electrical defibrillation) and during reperfusion. 2, 4, 5 Both the LV endocardium and parts of the epicardium of both ventricles were simultaneously mapped. The hearts were stained with di-4-ANEPPS after cutting the LV posterior wall. They were then excited with 4 custom-built light-emitting diode modules (wavelength, 519±20 nm). The induced fluorescence from the heart was collected by two image-intensified charge-coupled device cameras (model CA D1-0128T). The optical signals were gathered at 3.85-ms sampling intervals (260 frames/s), acquired from 128×128 sites simultaneously over a 30×30 mm 2 area in each aspect of the heart. 4, 5 For each recording time window, optical data were acquired continuously for 3.85 s (ie, 1,000 frames). Optically recorded voltage signals were spatiotemporally filtered to reduce noise. 14, 15 Phase mapping was performed to evaluate the location and evolution of phase singularities in VF. 16, 17 
Study Protocols
Protocol I (n=8 Hearts) Wavefront CharaCteristiCs During Different stages of vf: Baseline, no-floW gi anD reperfusion A hook bipolar electrode was inserted into the RV outflow tract for pacing and inducing VF. We defined baseline VF as stable VF that persists for 5 min after pacing-induction, while the heart was Langendorff-perfused. Three sets of optical mapping data and corresponding pseudo-ECG recordings were obtained during baseline VF. No-flow GI was then induced by stopping flow in the aortic cannula and quickly replacing the oxygenated Tyrode's solution in the tissue bath with warmed (36.5°C) Tyrode's solution saturated with 100% N2 at a pH of 6.8. Optical mapping data and corresponding pseudo-ECG recordings were obtained every 1-2 min after the onset of ischemia, including 3, 5, 8, 10, and >10 (ranged 11-15) min of GI. After >10-min GI, reperfusion was started by opening flow in the aortic cannula and quickly replacing the Tyrode's solution in the tissue bath with warmed (36.5°C) and oxygenated Tyrode's solution with a pH of 7.4. Optical and pseudo-ECG data were again collected every 1-2 min until 10 min of reperfusion, including 5 and 10 min of reperfusion. 4 DFT50 testing To evaluate the possible role of REFDs in the early VF recurrence mechanism after successful defibrillation during prolonged GI, DFT50 testing was performed after >10-min GI.
DFT50 is the shock voltage required to achieve 50% probability of successful electrical defibrillation. The details of DFT50 testing have been described elsewhere. 5, 18 DFT50 was used to induce the genesis of early VF recurrence after successful defibrillation. Defibrillation was considered successful if post-shock sinus/idioventricular rhythm was present. 5 We also defined "early recurrence" as spontaneous re-initiation of VF within 10 s after successful shock. 5 Protocol II (n=5 Hearts) lugol aBlation of the lv enDoCarDium after prolongeD (>5min) gi Lugol solution was applied on the LV endocardium in 5 hearts, after 5-min GI, for 30 s using a cotton swab. 10, 11 The LV endocardium was then irrigated with Tyrode's solution using a syringe to remove the residual Lugol solution. Afterwards, the heart was again immersed into perfusate. Ventricular arrhythmias were then re-induced by burst pacing and mapped without reperfusion.
At the end of the experiments, the hearts were fixed and processed routinely. Three transmural sections of the LV tissues were obtained and stained with hematoxylin and eosin in each heart. They were used to determine the extent of myocardial injury caused by Lugol solution.
Definitions
Type 1 VF was defined as VF containing multiple wandering wavelets and repetitive activities with short life spans at mapped areas. Type 2 VF was defined as VF containing at least one endocardial or epicardial site with stable (≥3.85 s in duration) repetitive activities. Repetitive activity was defined as an activation pattern that repeats itself for ≥2 consecutive beats. 4 We also used "REFDs" to describe the repetitive activities observed at the LV endocardium. However, repetitive activities, with evidence of passive activation by outside wavefronts (such as from an epicardial/subepicardial source of rapid activation) during type 2 VF or ventricular tachycardia (VT), were not considered as REFDs.
Data Analysis Fast Fourier Transform (FFT) Analysis
We used FFT analysis to determine the DF on pseudo-ECG and local optical recordings. 1, 2, 4 We also determined the DF of the summed optical signal, which is the summed fluorescence intensity of all pixels in the mapped region. 4 DFs of the summed optical signals within the regions of interest were used to estimate the DF gradient between the LV endocardium and the epicardium during VF. The epicardium includes parts of the epicardium of both ventricles.
Characteristics of REFDs To determine the characteristics of REFDs during different stages of VF, optical mapping data were displayed frame by frame. The activation pattern, life span and activation interval of REFDs were then studied.
Statistical Analysis
Data were presented as mean ± SD. Paired or unpaired t-tests were used to compare the results of FFT analysis and the characteristics of REFDs during different stages of VF and with different activation patterns (protocols I and II). We also used ANOVA with repeated measures to compare the local DF at the site with REFDs and those of simultaneously obtained summed optical signals at the LV endocardium and the epicardium during VF episodes with spontaneous termination. A probability value of P≤0.05 was considered significant.
Results

Protocol I
To perform FFT analysis and to evaluate the wavefront characteristics at the LV endocardium during different stages of VF, a total of 64 time windows (one for each time point of VF in all 8 hearts studied) of optical recording data and simultaneously recorded pseudo-ECG were chosen and analyzed ( Tables 1,2) .
FFT Analysis Df of pseuDo-eCg During Different stages of vf FFT analyses of pseudo-ECG during different stages of VF show that mean DF was significantly lower at any period during VF with GI when compared with that during baseline VF ( Table 1) .
Df graDient BetWeen the lv enDoCarDium anD the epiCarDium During Different stages of vf During VF with prolonged (>5 min) GI, the DF of the summed optical signals at the LV endocardium was significantly higher than that at the epicardium. However, at baseline, 3-min GI, 5-min GI and reperfusion, there was no significant DF gradient between the LV endocardium and the epicardium during VF ( Table 1) . There was no difference over time in DF at the LV endocardium during VF with GI ( Table 1) .
Wavefront Characteristics at the LV Endocardium During Different Stages of VF refDs As shown at the epicardium, during baseline VF (type 1 VF), multiple wandering wavelets and short-lived REFDs were also observed at the LV endocardium in all 8 hearts studied. 1, 2, 4 However, there was no reentry recorded. The mean life span of REFDs was 2.7±0.8 activations at baseline ( Table 2) . The mean activation interval (ie, cycle length) of these activities was 93±12 ms ( Table 2) . Both the mean life span and the mean activation interval of REFDs were significantly prolonged during GI ( Table 2 ) when compared with baseline VF. Similarly, the percentage of the recording time where REFDs were present (%) also increased significantly ( Table 2) . With 10 min of reperfusion, REFD characteristics did not completely return to baseline levels ( Table 2 ). Figure 1 shows examples of REFDs arising from the LV endocardium during VF with prolonged GI. As shown in Figures 1B and 2D , most of the REFDs propagated in multiple directions once appearing on the LV endocardium. They were defined as REFDs without a "narrow-wave" pattern in Table 2 . a suBtype of refDs: refDs With a "narroW-Wave" pattern Runs of REFDs ( Table 2) show a different activation pattern (ie, "narrow-wave" pattern). In these runs, narrow waves always originated from the sites near the atrioventricular (AV) ring, propagated rapidly in one direction (towards the LV apex) and ended with a centrifugal propagation near the LV apex. Figures 2B and 2D show typical examples.
During prolonged GI, 17 out of 24 time windows of VF analyzed contained REFDs with a "narrow-wave" pattern. This subtype (n=29 runs) had a shorter mean life span (4.7± 5.8 activations) when compared with the rest (n=65 runs; 9.7±11.4 activations, P=0.0053). However, the mean activation interval was no different between these 2 patterns (132±45 vs 124±35 ms, P=0.34). The percentage of recording time containing REFDs with a "narrow-wave" pattern (%) was also lower (25±33) when compared with that without this pattern (74±33, P=0.0011) Figure 2C is an example.
numBer anD loCations of refDs During prolonged GI, REFDs were present for >90% of the optical recording time ( Table 2) . A total of 30 sites with REFDs were observed (3.8±0.9 sites in each heart studied). These sites were clustered either at the LV anterior wall or near the insertions of papillary muscle. type 2 vf In the 64 time windows of VF analyzed, 21 windows show type 2 VF. Most of them (20 out of 21) occurred during prolonged GI ( Table 2) . Interestingly, in 10 (Figure 3) , REFDs existed and persisted for ≥3.85 s in duration. Furthermore, each beat with REFDs was either sequentially or intermittently followed by an activation appearing in the same region of the epicardium (ie, epicardial repetitive activities, Figure 3B ). 4 The local DF was consistently highest at the LV endocardium, followed by those at the RV and LV epicardium ( Figure 3C ). In the remaining 11 windows, the stable repetitive activities appeared as an epicardial breakthrough pattern. 4 However, activations between the LV endocardium and the epicardium were dissociated, although REFDs were present for >90% of recording time.
REFDs and Spontaneous VF Termination During Prolonged GI During prolonged GI, sustained VF (>30 s in duration) was successfully induced by burst pacing in 7 out of 8 hearts studied. However, in a total of 95 time windows of optical recording obtained during VF with prolonged GI, 37 were associated with non-sustained VF.
There were 18 time windows of optical recording showing spontaneous VF termination (data from 5 hearts of protocol I). In 10 of them, once REFDs ceased, the VF episode terminated immediately. Importantly, the local DF at the site with REFDs (8.8±2.7 Hz) was significantly higher than those of simultaneously obtained summed optical signals at the LV endocardium (6.4±1.7 Hz) and the epicardium (5.9±1.4 Hz) (P<0.0001). Furthermore, in 8 out of 10, the highest local DF of mapped areas was located at the site with REFDs. Figure 4A shows a typical example. REFDs and Early VF Recurrence After Successful Defibrillation During Prolonged GI DFT50 testing was performed in 3 protocol I hearts (hearts #4, #5, and #8). Only one heart (heart #4), with a total of 8 shocks, showed early VF recurrence after successful defibrillation. Among these 8 shocks, mapping data at the onset of recurrence were available in 6 and all revealed a similar pattern. The VF wavefronts were initially halted by the shock, followed by 1 to 2 ventricular escape beats. These beats were then followed by the genesis of REFDs, leading to early VF recurrence. Figure 4B is an example.
Protocol II
Results of FFT analysis and characteristics of REFDs after Lugol ablation were summarized in Tables 3,4. Induction of Ventricular Arrhythmias After Lugol Ablation of the LV Endocardium In all 5 hearts studied, Lugol ablation diminished the genesis of REFDs and reversed the endocardium-epicardium DF gradient during re-induced ventricular arrhythmias (including VF and VT) with prolonged GI.
re-inDuCeD vf Consistent with the findings of previous canine studies, after Lugol ablation, VF was still re-inducible. [10] [11] [12] However, all the re-induced VF episodes (n=17, obtained at 8.0±1.2 min after the onset of GI) were non-sustained in duration (9.6±7.1 s, ranged 1.4-22.6 s). In contrast to the results of protocol I, DF of the summed optical signals at the LV endocardium (4.5±1.7 Hz) was significantly lower than that at the epicardium (6.9±1.8 Hz, P=0.0002) ( Table 3) . Furthermore, the sites with the highest local DF were consistently located at the epicardium (9.8± 2.0 Hz) and showed repetitive activities. Importantly, activations between the LV endocardium (ie, REFDs) and the epicardium (ie, epicardial repetitive activities) were always dissociated. Figure 5 shows an example.
refDs During re-inDuCeD vf after lugol aBlation Only 6 sites with REFDs were observed (1.2±0.8 sites in each heart studied). Compared with the data in protocol I (3.8±0.9 sites in each heart studied), Lugol ablation significantly diminished the genesis of REFDs (P<0.001). Also, compared with the data during VF with 8-min GI in protocol I, the mean activation interval of REFDs was much prolonged (190±61 ms, P<0.001) ( Table 4 ). The percent- age of recording time with REFDs (%) was lower (36±31, P<0.001) ( Table 4) . REFDs with a "narrow-wave" pattern were no longer present ( Table 4) . Diminished genesis of REFDs explains the difficulty of VF maintenance after Lugol ablation.
re-inDuCeD vt In 4 out of 5 hearts studied, VT episodes (n=9, obtained at 9.4±2.9 min after the onset of GI) were induced after Lugol ablation. These episodes were 14.4±16.3 s in duration (range, 2.8-55.5 s). The DF of the summed optical signals at the LV endocardium (4.7±1.2 Hz) was also significantly lower than that at the epicardium (6.9± 2.0 Hz, P=0.015). During VT, there was no REFD observed. The LV endocardium was always passively activated by outside wavefronts, most likely from a subepicardial source of rapid activation.
Histological Findings A total of 15 serial transmural sections were examined for the 5 hearts studied in protocol II (3 sections per heart). In the Langendorff-perfused LV tissues treated with Lugol solution, both stretching and waviness of the myocardial fibers were present. The subendocardial ventricular myocytes and Purkinje fibers showed acute necrotic changes, such as eosinophilic staining, cytoplasmic homogeneity and pyknosis. The layer of necrotic subendocardium contained up to five to six myocardial cells, which roughly equals a depth of 0.2 mm from the endocardium. The total thickness of the LV wall in these hearts ranged 4-7 mm. There was no evidence of a marked infiltration of neutrophils, lymphocytes or macrophages. These histopathological findings were essentially similar to those reported in previous canine studies. [10] [11] [12] 
Discussion
This study has the following major findings: (1) during VF with no-flow GI, REFDs existed and appeared as two activation patterns (ie, with or without a "narrow-wave" pattern).
(2) After 5-min GI, REFDs were present for >90% of the recording time during VF. Furthermore, in a significant number of episodes with spontaneous VF termination, once REFDs ceased, VF terminated immediately. (3) REFDs were involved in the initiation period of early VF recurrence after successful defibrillation. (4) Lugol ablation diminished the genesis of REFDs and reversed the endocardial-epicardial DF gradient during re-induced VF. These VF episodes were all non-sustained in duration. The above findings support the notion that REFDs at the LV endocardium were important for both VF maintenance and post-shock recurrence during prolonged GI in this model. The genesis of REFDs was associated with the presence of intact subendocardial Purkinje fibers and ventricular myocytes.
Activation Patterns of REFDs
REFDs with a "narrow-wave" pattern were less frequent than REFDs without this activation pattern during VF with GI ( Table 2) .
REFDs With a "Narrow-Wave" Pattern The "narrow-wave" pattern ( Figures 2B,D) was a unique activation pattern, which was not observed at the epicardium during VF with GI in our previous studies. 4, 5 Although the underlying mechanism was unclear, this phenomenon is consistent with an activation propagating from Purkinje fibers to working ventricular myocardium. 8 As reported by Ideker's group in an isolated canine heart model, during non-perfused long-duration VF, Purkinje fibers could either be activated by retrograde stimulation from the myocardium or directly initiate new wavefronts at the myocardium through antegrade stimulation. 8 In the latter activation pattern, a rapidly propagating Purkinje wavefront stimulated a "Purkinje fiber-working ventricular myocardium" junction site, followed by a slowing activating ring of ventricular myocardium ( Figure 5 of reference 8). 8 As with the low occurrence of "narrow-wave" patterns in the present study, "Purkinje fiber-to-working ventricular myocardium" activations were similarly less frequent than "working ventricular myocardium-to-Purkinje fiber" activations. 8 REFDs Without a "Narrow-Wave" Pattern Most of the REFDs were not associated with a "narrow-wave" pattern ( Table 2) . They propagated in multiple directions once appearing on the LV endocardium (Figures 1B,2D) . These focal activities could arise from sources near the surface of the endocardium (such as Purkinje fibers and working ventricular myocardium), intramural foci or sources spanning the entire wall thickness (such as transmural scroll waves). 8, 19 Simulation studies also suggested that this activation pattern could be caused by intramural activation, such as Purkinje-muscle reentry and intramural reentry, with breakthrough at the surface of the endocardium. 20, 21 In the present study, Lugol subendocardial ablation produced tissue necrosis at a level of only 0.2 mm. However, this procedure significantly diminished the genesis of REFDs. The above findings indicate that the genesis of REFDs was associated with the presence of intact subendocardial Purkinje fibers and ventricular myocytes.
Relationship of Epicardial Repetitive Activities and REFDs During Type 2 VF
We have reported that when tissue excitability is depressed due to GI, the VF phenotype is consistent with type 2 VF with a subepicardial source of rapid activation. 4 This rapid activation appears on the epicardium as epicardial repetitive activities. We speculate that these activities may either arise from the Purkinje network or be associated with intramural/transmural reentry. 14, 20, [22] [23] [24] [25] Our data suggest that both possibilities may be correct.
As shown in Figure 3 , the mapping data suggest the presence of a subendocardial source of rapid activation with fibrillatory conduction demonstrated at the epicardium during type 2 VF. These stable REFDs translated into the epicardial phase singularities. The difference between endocardial and epicardial activation rate was most likely due to a conduction block between these two sites. Once REFDs reach the epicardium, they manifest as epicardial repetitive activities. These findings are consistent with the presence of a focal driving source from the subendocardium that maintains type 2 VF during prolonged GI. However, REFDs and epicardial repetitive activities could be dissociated, which indicates that epicardial repetitive activities during type 2 VF with prolonged GI may also be caused by another source (such as intramural/transmural reentry 14 ) , rather than a subendocardial source near the surface of the endocardium.
Study Limitations
First, with 2-dimensional mapping, it was not possible to definitely determine whether REFDs occurred spontaneously from sources near the surface of the endocardium or whether they represented intramural/transmural activation with breakthrough at the endocardium. Mapping of the transmural activation sequence with plunge electrodes or using ventricular wedge preparations may answer this question. 14, 19, 26, 27 Second, it was difficult to distinguish Purkinje fiber activations from working ventricular myocardium activations through the optical mapping system we used. Therefore, the exact role of this specialized conduction system for the genesis of REFDs was not verified in the present study. Finally, because of technical difficulties, we did not simultaneously evaluate the activations at the RV endocardium, which may also generate REFDs.
